The concentrations of 16 elements in 10 rice flour samples and the distribution of the elements in the rice grains from which the flour were made were determined by ICP-MS and ICP-OES after microwave-assisted digestion of the samples. Arsenic speciation analysis was carried out by HPLC-ICP-MS following heat-assisted extraction of the sample. The concentrations of inorganic As (As(III) and As(V)), monomethylarsonic acid (MMAA) and dimethylarsinic acid (DMAA) and their distribution in the rice grains were determined. Portions of the brown rice were polished/milled to different degrees to yield milled off samples and polished rice samples. All samples were powdered and analyzed for 16 elements and for As species. The recoveries and mass balances for all elements in all samples showed good agreements with the starting materials. As(III), As(V), MMAA and DMAA were detected, and the sums of the concentrations of all species in the extract were 86 -105% of the total As concentration in each case.
Introduction
Toxic elements in the human diet pose an obvious health risk. Accurate assessments of this hazard and the associated safety evaluation are necessary for the maintenance of public health. In addition, food analysis can provide a measure of the degree to which the agricultural production system might be polluted.
It is well known that arsenic (As) and cadmium (Cd) are toxic to humans, and both can be present in rice. Rice is a staple of the Asian diet, and is also produced and eaten in the rest of the world. The Food and Agriculture Organisation/World Health Organisation (FAO/WHO) had recommended a provisional tolerable weekly intake (PTWI) of not more than 15 μg of inorganic As/kg body weight until 2010. 1, 2 The Codex Alimentarius Commission (CAC) requires a level of less than 0.4 mg kg -1 for the Cd concentration in rice, 3, 4 although the CAC does not regulate for the As concentration in rice at present. Discussion of the regulation for As in foodstuffs has been suspended since 1999, but the CAC concluded at that time that it was necessary to set standards for inorganic As in foodstuffs in the near future. Hence, renewed interest in the regulation for inorganic As in rice (unpolished and/or polished) has restarted. 5 The elements present in rice flour vary from sample to sample with some trends being evident. 6 There is therefore a possibility that analysis results and subsequent risk assessment will depend upon the origin and type of sample.
Reports on trace elements in rice flour have been published, [7] [8] [9] and the influence of soil type and the cultivation process have been studied. 10, 11 Arao, Baba and coworkers reviewed the species of As present in rice and soil, and have investigated the transfer of elements from soil to rice. 12, 13 If the concentrations of As and Cd in rice flour depend upon the cultivation process, it should be possible to lower the concentrations. 14 It is known that reducing conditions in rice field soil, brought about by flooding, suppress the uptake of Cd by rice plants, and thereby lower the Cd level in flour made from the rice. [15] [16] [17] However, when water-saving processes are employed and oxidizing conditions prevail in the rice field soil, the uptake of As from the soil to the rice is suppressed. 13 The use of such farming techniques to manage rice fields and their soils is increasing. However, it appears that the uptake of As and Cd by rice (and their subsequent levels in rice flours) is affected in opposite directions by the field treatments.
14 Therefore, the relationship between the As and Cd concentrations in rice flour samples is considerable. A number of reports on As and Cd in rice flour have been published, and several studies on the As species present in rice flour have also been reported. Since the toxicity of As depends upon the chemical species, it is important to determine which chemical species are present in a foodstuff as well as the total concentration of the element. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Although a limited number of studies have investigated the changes in As species that occur in rice fields and their dependence on soil conditions, 13, 14 there is a lack of information on the As species in rice flour.
In the work reported here, rice flour samples were prepared from several kinds of brown rice that had received different degrees of polishing. The concentrations of the elements present in each sample were determined, and the distribution of each element in the rice grains was investigated. The relationship between the As and Cd concentrations was also determined. In addition, the As species present in each sample were identified, and their concentrations were measured by HPLC-ICP-MS. The distribution of the As species in the grains is discussed.
Experimental

Apparatus
An ICP-MS (7500ce, Agilent, Tokyo, Japan) equipped with a micromist nebulizer (100 μL type) and a Scott spray chamber (2 C) was used. Typical operating parameters for the ICP-MS were as follows: incident rf power, 1600 W; outer Ar gas flow rate, 15 L min -1 ; intermediate Ar gas flow rate, 0.9 L min -1 ; carrier Ar gas flow rate, 0.7 L min -1 ; make-up Ar gas flow rate, 0.4 mL min -1 . The ICP-MS was usually operated with He as the collision cell gas (4 mL min -1 ) to reduce some polyatomic molecular interferences. The total As and Cd concentrations in the samples were determined by ICP-MS.
An ICP-OES (Optima 7300 DV, Perkin Elmer, Shelton, CT) equipped with a concentric nebulizer and a cyclonic spray chamber was used for determining the total concentrations of the major and minor elements, except for As and Cd. The typical operating parameters for the ICP-OES were as follows: incident rf power, 1400 W; outer Ar gas flow rate, 15 L min A STRAT D (Milestone MLS, Leutkirch, Germany) was used for microwave-assisted digestion to decompose the samples. An EB-303 dry block bath heating system (AS ONE, Osaka, Japan) was used for heat extraction of the As species.
Reagents and materials
The Japan Calibration Service System (JCSS) single element standard solutions (1000 mg L -1 ) were used for the source of calibration standard solutions (Kanto Chemical Industries Ltd., Tokyo, Japan).
A JCSS As standard solution was used as the As(III) source standard solution. The As(V) certified reference material (NMIJ CRM 7912-a), the dimethylarsinic acid (DMAA) certified reference material (NMIJ CRM 7913-a) and the arsenobetaine (AsB) certified reference material (NMIJ CRM 7901-a), supplied by the National Metrology Institute of Japan/National Institute of Advanced Industrial Science and Technology (NMIJ/AIST, Ibaraki, Japan), were used as the source standard solutions. All are SI traceable. Monomethylarsonic acid (MMAA) was prepared from the commercially available reagent after purity evaluations (moisture, elemental analysis and impurity arsenic compounds) had been carried out. It was then dissolved in water to prepare an in-house standard solution containing 1000 mg As kg -1 . Working mixed standard solutions (0.5 to 20 ng g -1 as As) were prepared daily by mixing the stock solutions and diluting with water. AsB was used as the internal standard during the analyses.
The acid used was of PMA-grade (Kanto Chemical Industries Ltd.); others used were of ultrapure grade (Kanto). Ultra-pure grade water purified with a Milli-Q Labo filter (Nippon Millipore Ltd., Tokyo, Japan) was used throughout.
The rice flour CRM analyzed was NMIJ CRM 7503-a white rice flour. The certified value of the total As in this CRM is 0.098 ± 0.007 mg kg -1 . The certified values of As(III), As(V) and DMAA are 0.0711 ± 0.0029 mg kg -1 as As, 0.0130 ± 0.0009 mg kg -1 as As and 0.0133 ± 0.0009 mg kg -1 as As, respectively; figures following ± indicate the expanded uncertainties with the coverage factor 2.
Procedure
Sample collection and preparation. Four kinds (types 1 to 4) of brown rice were collected from 6 different areas of Japan. Not all types of rice were collected from every area. Types 1 and 2 were collected from each of 3 areas. Samples were identified by two numbers, the first showing the rice type (1 -4) and the second indicating differences of the areas of collection. Therefore, the sample numbers for types 1 and 2 were 1-1, 1-2, 1-3, 2-1, 2-2 and 2-3. Rice types 3 and 4 were collected from 2 areas, and have the sample numbers: 3-1, 3-2, 4-1 and 4-2. In all, 10 brown rice samples (ca. 2 kg of each, and yielding 10 flour samples) were collected from a total of 6 different areas. They were collected in 2010 -2011.
A part of each brown rice sample (ca. 1 kg) was polished (milled) to three different extents to give three subsamples of white rice with 10, 30 and 50% milled off (i.e., with 90, 70 and 50% remaining). The rest of the starting samples remained as brown rice (i.e., 0% was milled off). Portions of all samples were pulverized in a food processor, and the resulting powders were sieved through a 500-μm nylon mesh. Powders with a particle size less than 500 μm were used for analysis.
In summary, each of the 10 original brown rice samples gave rise to 7 flour samples made up as follows: unmilled brown rice (designated, brown rice); the 90, 70 and 50% remaining after milling (designated, polished 90, 70 and 50%); and the milled off outer layers comprising 10, 30 and 50% of the whole grains (designated, milled 10, 30 and 50%). Thus, 70 samples were analyzed in total. Analysis of total element concentrations. A portion of each sample powder (0.25 g) was weighed precisely, and transferred to a PFA vessel to which 5 mL of HNO3 (60.0%) and 1 mL of H2O2 (30.0%) were added. The operating programme of the microwave system was as follows: the samples were heated at 200 W for 5 min in the 1st step, 300 W for 5 min in the 2nd step, 500 W for 10 min in the 3rd step, and 600 W for 5 min in the 4th step; and they were subsequently cooled to room temperature. The sample solutions were then made up to 50 mL with water, and were used for the determination of total concentrations of major and minor elements. Blank tests for the procedure were also performed.
Factors for converting between dry mass and wet mass were obtained by measuring the mass loss after drying portions of the samples at 135 C in an oven for 1 h. The correction factors were also used in As speciation analyses. Arsenic speciation. Arsenic species were extracted from the prepared rice flour samples using a heating-block extraction technique with HNO3 as the solvent. 30, 31 A portion of each sample (0.5 g) was placed in a 10-mL glass tube, and 2 mL of 0.15 mol L -1 HNO3 was added. The capped tube was placed in a heating block at 100 C for 2 h. After cooling, a small volume of water was added, and the tube was centrifuged at 3500 rpm for 10 min. The supernatant, diluted to 10 mL with water, was passed through a 0.45-μm syringe-type PVDF membrane filter. The filtrates were analyzed by HPLC-ICP-MS. Blank tests were performed to investigate possible As contamination; none was detected.
Results and Discussion
Validation of analytical techniques
To evaluate the analytical techniques and precision, the concentrations of 6 elements were determined by ICP-MS and ICP-OES in NMIJ CRM 7503-a white rice flour, following microwave-assisted digestion of the CRM.
The As species (As(III), As(V) and DMAA) in the CRM were determined by HPLC-ICP-MS following heat extraction. The analytical results (n = 5) for As(III), As(V) and DMAA were 0.0714 ± 0.0004 mg kg -1 (RSD, 0.6%), 0.0134 ± 0.0002 mg kg -1 (RSD, 1.6%) and 0.0133 ± 0.00003 mg kg -1 (RSD, 0.2%), respectively. These were considered to be satisfactory, and the methodology was appropriate for the work undertaken.
Influence of the degree of polishing/milling and the distribution of elements in rice grains
The concentrations of 16 elements (As, Cd, Al, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Sr, Zn and P) in the prepared samples were determined by ICP-MS and ICP-OES after microwave-assisted digestion.
Sixteen elements in the powdered samples, brown rice, polished 90, 70, and 50%, and milled 10, 30, and 50%, were analyzed; the results of As and Cd for type 1-1 rice are given in Fig. 1 , and all results of the 16 elements are given in Fig. S1 (Supporting Information). The open bars (white) show the element concentrations in brown and polished rice, and the closed bars (black) show the concentrations in the parts that had been milled from the rice grains by the polishing process.
The sums of the concentrations in polished 90% and milled 10%, in polished 70% and milled 30%, and in polished 50% and milled 50% for each element were in a good agreement with the concentration in the brown rice; the recoveries of all elements were 98.5 ± 7.9% (the figure following ± indicates the standard deviation in each similar expression). The Cd concentration in type 1-1 rice was very low, but the measurement precision was not good. As a consequence, the recoveries of Cd based upon the concentrations of Cd in brown rice were 70 -80%. When Cd was removed from the estimation, the recoveries of all elements became 100.1 ± 5.3%.
Most Al, Ba, Fe, K, Mg, Mn, Sr and P was contained in the outermost layer (milled 10%), but the concentrations of As, Cd, Ca, Cr, Cu, Na, Ni and Zn in the polished rice (i.e., the portion remaining after milling) decreased more gradually with increasing the extent of milling. Similar experiments were carried out on all samples. The mass balances of the element concentrations and their recoveries (%) in type 1-1 are given in Table 1 , and all data are given in Table S1 (Supporting Information).
When an element concentration in a measurement solution was low, the resulting analytical precision was poor. Hence, some recoveries are shown with a ±20% error. However, the mean recovery for all elements was 101.1 ± 10.6% indicating that the results, overall, are sufficiently precise for a detailed discussion of their distribution through the rice grains.
The quantities of each element in the milled portions as a percentage of the quantities in type 1-1 brown rice are given in Table 2 , and all data are given in Table S2 (Supporting Information). More than 90% of Ba was present in the milled 10% sample. Al, Fe, K, Mg, Mn, Sr and P were present at 60 -90% in the milled 10%. As, Ca, Cr, Cu, Na, Ni and Zn were present at 20 -60% in the milled 10%. Only Cd was present at less than 20% in the milled 10% sample. More that 80% of Ba, Fe, Mg and P were present in the milled 30% sample, whereas more than 50% of all elements, except Cd, were present in the sample. Moreover, more that 70% of all elements, except Cd, were present in the milled 50% sample.
Therefore, most of the elements studied were present in the outer layers of brown rice, and their concentrations in the polished remainder of the grains decreased abruptly when the outer layers were milled off. In contrast, Cd was more evenly distributed through the grains with the milled 50% sample containing an average (10 samples) of 58.7 ± 6.2% (RSD, 10.5%); approximately 40% of Cd is present in the inner 50% of the rice grains.
Relationship between the As and Cd concentrations
The relationship between the As and Cd concentrations in the brown rice samples, in polished 90, 70 and 50%, and in milled 10, 30 and 50% was investigated. A slight tendency for As to increase as Cd decreased was apparent, though there was no strong correlation. Brown rice, polished and milled samples all showed the same trends.
Details of the cultivation methods, including the flooding management and water-saving techniques, of the rice sampled in this study are not known, but it is thought that no special management methods were employed. The concentrations of As and Cd in the rice samples, and any possible correlation between them, very likely depend upon the nature of the soil and water in the fields in which they were cultivated. Probably it is necessary to know the cultivation methods in detail to be able to discuss any possible correlations in an informed way. 13 Also, there were no special tendencies concerning the prepared samples in the work.
Distribution of arsenic compounds in rice grains
Arsenic species extracted from brown rice, from polished 90, 70 and 50%, and from milled 10, 30 and 50%, were determined by HPLC-ICP-MS. The distributions of the As species (measured as As in mg kg -1 ) in type 1-1 rice samples are given in Fig. 2 ; all of the data are given in Fig. S2 (Supporting Information). In addition, the concentrations of the As species in type 1-1 and their recoveries compared with brown rice are given in Table 3 ; the concentrations of the As species in all samples are summarised in Table S3 (Supporting Information). The percentages of the As species extracted are based on the total As concentration, and the total percentage (recovery) for each extract was 96.9 ± 4.8%.
Although As(III) and As(V) are determined individually by HPLC-ICP-MS, when acid extraction method is used, the mass balances of As(III) and As(V) might be changed in the extraction process. Therefore, As(III) and As(V) should be discussed as an inorganic As; however, As(III) and As(V) were also investigated under this condition.
It was found that As(III) was the main As species in all samples, and the total As concentration, in each case, depended to a large extent on the level of As(III). The concentrations of As(V) were low, and consequently the measurement precision for this species was not good. DMAA was found in all samples, but MMAA was not present, or was present in low trace amounts in some samples.
The mass balances of As(III) and/or i-As in polished 90% + milled 10%, polished 70% + milled 30% and polished 50% + milled 50% showed good agreements with the brown rice sample in each case, and the recoveries of the sum of the As species were approximately 100%.
The concentration in the each parts of i-As decreased with increased milling, and there was thus a tendency for i-As to be at higher concentrations in the outer layers of the rice grains. Thus, when the concentrations of i-As in polished 50% and milled 50% were compared, there was usually a higher concentration of i-As in the latter. DMAA showed a similar behaviour to that of As(III); the concentrations of DMAA decreased with increased milling, but relatively more DMAA was present in the inner portions of the grains compared with the case of As(III). Thus, when the concentrations of DMAA in polished 50% and milled 50% were compared, there was a tendency for the concentration of DMAA in milled 50% to be lower than in polished 50%. As(V) showed a similar distribution to that of As(III), but the concentrations of As(V) were too low for precise analysis, and therefore a discussion about As(V) is not possible. Although MMAA was detected in 4 samples of brown rice, however it was present only in trace concentrations, and the analytical accuracy evaluation was not reliable.
Conclusions
Powdered samples were prepared from 10 types of brown rice that had been collected from different production areas. Portions of each brown rice sample were also subjected to 3 different degrees of polishing/milling to yield 3 polished rice samples (the remainders after milling) and 3 milled off (bran) samples. All were powdered. The concentrations of 16 elements in all samples (and thus their distributions through the rice grains), and their mass balances were determined. The concentrations of 4 As species in each prepared sample and their distributions through the rice grains were also determined. Approximately 70% of 15 of the 16 elements were present in the outer 30% of the brown rice grains. The exception was Cd, which was more evenly distributed through the grains. An investigation of the relationship between As and Cd indicated that their concentrations depend upon their cultivation environment; also, factors such as water and soils are likely to be of importance if no special controls are placed upon the production processes. 13 As(III), As(V) and DMAA were found in all samples, with As(III) being major species in each case. MMAA was detected in some brown rice samples; possibly, its presence depended upon the cultivation environment. However, detailed information about the cultivation of the rice samples and their growing environment was not available. This is important information, and should be included in future studies and monitoring.
The concentrations of the As species in polished rice decreased with increased milling away of the outer layers of the rice grains. There was a tendency for i-As to be present in the outer layers of the grains with organoarsenic (DMAA) compared with the inside.
This study indicated that the determination of the concentrations of each element and species of As in brown rice and polished rice depends upon the degree of polishing/milling. In addition, the overall risk assessment requires knowledge about the cultivation processes for the rice.
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